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7KH+/$:RI WKLFNVHFWLRQVWHHOV UHTXLUHVKLJKEULJKWQHVVKLJKSRZHU ODVHUVDSSURSULDWHSURFHVVSDUDPHWHUV
DQG DOWHUQDWLYH WHFKQLTXHV IRU REWDLQLQJ GHHSHU SHQHWUDWLRQ +RZHYHU DV WKH SRZHU OHYHO RI FXUUHQW FRPPHUFLDO
ODVHUV LV WHFKQRORJLFDOO\ OLPLWHG ZHOGLQJ JUHDWHU WKLFNQHVVHV FDQ EH FKDOOHQJLQJ $ JUHDW GHDO RI H[SHULPHQWDO
UHVHDUFKKDVEHHQFRQGXFWHGRQWKH+/$:RIWKLFNVHFWLRQVWHHO9ROOHUVWHQHWDODQG5HWKPHLHUHWDO
VXJJHVW XVLQJ HLWKHU D EHYHOHG JURRYH RU SUHKHDWLQJ WR LQFUHDVH SHQHWUDWLRQ $QRWKHU FRQYHQWLRQDO WHFKQLTXH IRU
LQFUHDVLQJSHQHWUDWLRQLVWKHXVHRIDSUHVHWJDS'HSHQGLQJRQWKHSODWHWKLFNQHVV:HEVWHUHWDOVXJJHVWHGD
FHUWDLQJDSWRLQFUHDVHSHQHWUDWLRQWKXVERRVWLQJSURFHVVHIILFLHQF\+RZHYHUWKHVHWHFKQLTXHVKDYHGUDZEDFNVRI





7KHVH LVVXHV PHDQ WKDW WKH LQYHVWLJDWLRQ RI DOWHUQDWLYH VROXWLRQV IRU LQFUHDVLQJ SURFHVV HIILFLHQF\ LV RI JUHDW
LPSRUWDQFH)RULQVWDQFHWKHJHRPHWULFDODQGSK\VLFDOFKDUDFWHULVWLFVRIWKHZHOGJURRYHVXUIDFHPXVWEHFRQVLGHUHG
LQRUGHUWRLPSURYHWKHHQHUJ\FRXSOLQJLQWRWKHZRUNSLHFH2QWKHEDVLVRIWKHUHVXOWVRIDEVRUSWDQFHPHDVXUHPHQWV
LQ%HUJVWURPHW DO  WKDWZHUH SUHIRUPHG IRU VROLGVWDWH ODVHUV DWZDYHOHQJWKVRI  DQGȝP LW LV
HYLGHQWWKDWVXUIDFHURXJKQHVVVXUIDFHR[LGHVVXUIDFHFRQWDPLQDWLRQDQGWKHSUHVHQFHRIDOOR\LQJHOHPHQWVLQWKH
VWHHOV FDQ LQFUHDVH DEVRUSWDQFH 0RUHRYHU DFFRUGLQJ WR .DSODQ  DQ DQDO\WLFDO LQYHVWLJDWLRQ RI WKH
DEVRUSWLYLW\ RI  ȝP ODVHU UD\V DFURVV D ZDY\ PROWHQ VWHHO VXUIDFH KDV VKRZQ WKDW HYHQ D UDWKHU ORZ OHYHO RI
URXJKQHVVRIWKHRUGHURIȝPVWURQJO\PRGXODWHVWKHORFDODEVRUSWLYLW\DFURVVWKHVXUIDFH5HFHQWH[SHULPHQWDO
VWXGLHVRQ WKH VROLGVWDWH ODVHUZHOGLQJRI VWHHO UHYHDO WKDW WKH HGJH VXUIDFH URXJKQHVV JHRPHWU\ DQGSUHSDUDWLRQ
PHWKRGRIWKHMRLQWKDYHDVLJQLILFDQWLQIOXHQFHRQSHQHWUDWLRQLQDEXWWMRLQWFRQILJXUDWLRQ,Q)DUURNKLHWDO
DVWXG\RIWKH+/$:RIPPVWHHOZLWKGLIIHUHQWHGJHVXUIDFHURXJKQHVVVKRZHGWKDWWKHZHOGLQJRIVDPSOHVZLWK




RIDERYHN:6RNRORYHWDO )URPWKHODWWHU LW LVHYLGHQW WKDW WKHLQIOXHQFHRIFXWTXDOLW\DQGVXUIDFH




HIILFLHQF\ RI WKH VXEVHTXHQW ZHOGLQJ SURFHVV 'HVSLWH WKH LPSRUWDQFH RI DGHTXDWH WRSRJUDSK\ LQ VXUIDFH TXDOLW\
HYDOXDWLRQWKHHIIHFWRIGLIIHUHQWURXJKQHVVSDWWHUQVKDVQRWEHHQWDNHQLQWRDFFRXQW0RUHRYHULQ%HUJVWURPHWDO
WKHDEVRUSWDQFHPHDVXUHPHQWVZHUHSHUIRUPHGDWURRPWHPSHUDWXUHZLWKLQDUDQJHRIWRȝPDYHUDJH
URXJKQHVV DQG WKHUH LV QRW HQRXJK NQRZOHGJH DERXW WKH DEVRUSWLRQ FKDUDFWHULVWLFV LQ ZHOG JURRYHV DW HOHYDWHG
WHPSHUDWXUHVZLWKURXJKQHVVYDOXHVH[WHQGLQJIDUDERYHWKLVOLPLWHGUDQJH,Q6RNRORYHWDOWKHUHVHDUFKZDV
OLPLWHGWRDUDQJHRIWRȝPDYHUDJHURXJKQHVVEHFDXVHDWOHYHOVKLJKHUWKDQȝPWKHTXDOLW\RIDXWRJHQRXV
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([SHULPHQWDO3URFHGXUH












FXW VDPSOHVZHUH VDQGEODVWHG WR UHPRYH WKH R[LGH OD\HU IURP WKH FXW VXUIDFH ,Q DGGLWLRQ DOO WKH VDPSOHVZLWK
PLOOHGHGJHVZHUHFOHDQHGE\DOFRKROWRUHPRYHWKHZDWHUPLVFLEOHFRRODQWOLTXLGIURPWKHVXUIDFHV
)LJXUHV WR VKRZ WKH UHVXOWVRI VXUIDFH WRSRJUDSK\7KHPLOOHGVXUIDFHVKDYHDFOHDUSDWWHUQFUHDWHGE\ WKH







DQGPD[LPXP SHDN KHLJKW 6SZHUH FRQVLGHUHG IRU ' URXJKQHVVPHDVXUHPHQW0RUHRYHU WKH DYHUDJH VXUIDFH































7KH ODVHU XVHG IRU FXWWLQJ ZDV DQ ,3* 3KRWRQLFV </6 60 ILEHU ODVHU SURYLGLQJ D  N: VLQJOHPRGH
FRQWLQXRXVZDYH ODVHU EHDPZLWK DZDYHOHQJWK RI  QP 7KH ODVHUZDV JXLGHG WKURXJK DQ RSWLFDO ILEHU WR D




NHHS WKH VWDUW DQG VWRSSRLQWV RI WKHZHOGLQJSURFHVVRXWVLGH WKHPDLQSODWH )LJXUH  VKRZV DQRYHUYLHZRI WKH
H[SHULPHQWDOVHWXS





 & 0Q 3 6 6L &X $O 1L &U 9 0R &(9
6-            





2.2. Welding Procedure 





SDUDPHWHUV UHVSHFWLYHO\ IRU HDFK SDVV ,W VKRXOG EH QRWHG WKDW WR DOORZ FRPSDULVRQZKHQZHOGLQJZLWK D JLYHQ
WUDYHO VSHHG WKH VDPHFRUUHVSRQGLQJSDUDPHWHU VHWZDVXVHG UHJDUGOHVVRI WKH VDPSOHV VXUIDFHTXDOLW\RUSUHVHW
JDS7KHODVHUXVHGIRU+/$:ZDVD7UXPSI7UX'LVNGLVNODVHUSURYLGLQJDN:FRQWLQXRXVZDYHODVHU
EHDPZLWKDZDYHOHQJWKRIQP7KH ODVHUZDVJXLGHG WKURXJKDQRSWLFDO ILEHU WRD7UXPSI5)25HIOHFWLQJ
)RFXV2SWLFV7KH+/$:ZDVSURYLGHGXVLQJWKHFRPELQDWLRQRIWKHODVHUDQGD0$*V\VWHPZLWKDJDVFRQWDLQLQJ
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ZKHQ WKH VDPSOHV KDG VXUIDFH TXDOLW\ :KHQ DYHUDJH VXUIDFH URXJKQHVV URVH WR ȝP WUDYHO VSHHG LQFUHDVHG
VOLJKWO\WRPPLQEXWWKLVZDVVWLOOIDUORZHUWKDQWKHUHVXOWDFKLHYHGIRUVXUIDFHTXDOLW\
)LJXUHVKRZVWKDWVXUIDFHSUHSDUDWLRQFDQEHFRQVLGHUHGDQDOWHUQDWLYHDSSURDFKIRULQFUHDVLQJWUDYHOVSHHGRU
SHQHWUDWLRQ LQ WKH+/$:RI VWHHO0RUHRYHUZHOGLQJSURFHVVZDVPRUH VWDEOHZLWKTXDOLW\ VXUIDFHV WKDQZLWK
RWKHUTXDOLW\ VXUIDFHV1HLWKHU[UD\ WHVWVQRUPDFURVHFWLRQ LQVSHFWLRQGHWHFWHGDQ\SRUHV LQ WKHZHOGV WKDWZHUH
PDGH XVLQJ VXUIDFH TXDOLW\  ,Q VRPH FDVHV WKH RWKHU H[SHULPHQWV WHQGHG WR SURGXFH SRUHV LQ WKH ZHOG
6ROLGLILFDWLRQFUDFNVZHUHXQDYRLGDEOHLQWKHH[SHULPHQWVUHJDUGOHVVRIWKHLUHGJHVXUIDFHTXDOLW\7KLVLVEHFDXVH
WKHWUDYHOVSHHGUDQJHXVHGLQWKLVVWXG\ZDVWRRKLJKOHDGLQJWRKLJKFRROLQJUDWHVDQGORZZLGWKWRGHSWKUDWLRV




FRQFOXVLRQ WKDW WKHDYHUDJHVXUIDFH URXJKQHVVZDVQRW VROHO\ UHVSRQVLEOH IRU WKH LQFUHDVH LQ WUDYHO VSHHG ,Q IDFW
RWKHUFKDUDFWHULVWLFVRIVXUIDFHTXDOLW\FRXOGH[SODLQWKHLQFUHDVH














,WHPV   DQG  ZLOO EH GLVFXVVHG EULHIO\ LQ WKH IROORZLQJ VHFWLRQ DV WKH PDLQ H[SODQDWLRQV IRU WKLV
SKHQRPHQRQ+RZHYHUWKHOLPLWDWLRQVRIWKLVVWXG\GLGQRWDOORZVFRSHIRUWKHLQYHVWLJDWLRQRILWHPVRLWZDV
FRQVLGHUHGIRUIXWXUHVWXGLHV
3.1. Natural gap effect 
,QJHQHUDOWKHSHDNVDQGYDOOH\VRIHGJHVXUIDFHURXJKQHVVOHDGWRWKHIRUPDWLRQRIORFDOJDSVLQWKHMRLQWDQG
WKHORFDOJDSVRQWKHURXJKVXUIDFHVSURYLGHD³QDWXUDOJDS´LQWKHMRLQWWKDWLVXQDYRLGDEOHHYHQLIWKHSUHVHWJDSLV
VHW WR ]HUR &RQVHTXHQWO\ LQ WKLV VWXG\ WKH LQFUHDVHG SHQHWUDWLRQVSHHG LQ WKH H[SHULPHQWV ZLWK KLJKHU VXUIDFH
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URXJKQHVVPLJKWDOVRKDYHEHHQGXHWRORFDOJDSVDOORZLQJPRUHKHDWDQGILOOHUPDWHULDOIXUWKHULQVLGHWKHZHOG7KLV
LPSOLHVWKDWLWLVYHU\LPSRUWDQWWRWDNHWKHSUHVHQFHRIQDWXUDOJDSLQWRDFFRXQWZKHQXVLQJVDPSOHVZLWKURXJKHGJH
VXUIDFHV,Q WKHFDVHRI WKHPLOOHGVXUIDFHV LQYHVWLJDWHG WKHPD[LPXPSRVVLEOHQDWXUDOJDSFRXOGEHHVWLPDWHGE\
PHDVXULQJWKH5]YDOXH)LJXUHDDVWKHURXJKQHVVGLVWULEXWLRQZDVPRUHV\VWHPDWLFWKDQWKHFKDRWLFVWULDWLRQVRI




WKHGHILQLWLRQRI WKHYRLGYROXPH IRU WKH HYDOXDWLRQ7KHYRLGYROXPHRQ WKH' VXUIDFH URXJKQHVVSURILOHVZDV
FRPSXWHGRYHUWKHFRPSOHWHVXUIDFHPHDVXUHPHQWDUHDRIPP[PP$VVXPLQJWKDWERWKSLHFHVRIDEXWWMRLQW









WKHVH WZR DUH FRPSDUHG WKH ODWWHUZRXOGSURYLGH DSSUR[LPDWHO\ KLJKHU WUDYHO VSHHG DVZHOO DV HDVLHU VHWXS
EHFDXVHLWGRHVQRWUHTXLUHWKHSUHSDUDWLRQRISUHVHWJDSDQGPDNHVWKHZHOGLQJRSHUDWLRQPRUHFRQYHQLHQW
7DEOH&RPSXWHGYRLGYROXPHIRUHDFKW\SHRIVXUIDFHLQDPP[PPDUHD
 6XUIDFHTXDOLW\ 6XUIDFHTXDOLW\ 6XUIDFHTXDOLW\ 6XUIDFHTXDOLW\
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HIILFLHQF\ZKHQ VDPSOHVZLWK VXUIDFHTXDOLW\DQGXVHG IRUZHOGLQJ7KLV FRXOGEHGXH WR WKHSUHVHQFHRI
VLOLFD RQ WKH VXUIDFHV RU DQ LQFUHDVH LQ VXUIDFH URXJKQHVV GXH WR WKH HIIHFW RI VDQGEODVWLQJ SURFHVV +RZHYHU
VXUSULVLQJO\ VDQGEODVWLQJ GLG QRW KDYH DQ\ HIIHFW RQ WKH PD[LPXP WUDYHO VSHHG IRU IXOO SHQHWUDWLRQ ZKHQ WKH
VDPSOHVKDYLQJODVHUFXWVXUIDFHZHUHXVHGIRUZHOGLQJ7KHUHIRUHLQWKHFDVHRIH[SHULPHQWVZLWKVXUIDFHTXDOLW\
VDQGEODVWLQJZDVQRWUHVSRQVLEOHIRUWKHLQFUHDVHLQWUDYHOVSHHGFRPSDUHGZLWKWKHRWKHUH[SHULPHQWV,WLVZRUWK
PHQWLRQLQJWKDWVDQGEODVWLQJKDGDIDYRUDEOHHIIHFWRQHOLPLQDWLQJSRUHV LQ WKHZHOG,QVRPHFDVHV WKDWVDPSOHV
ZLWKVXUIDFHTXDOLW\ZHUHQRWVDQGEODVWHGSRUHVDSSHDUHGLQWKHZHOGVGXHWRWKHSUHVHQFHRIR[LGHOD\HU
3.3. Surface pattern effect 
&RQVLGHULQJWKHIDFWWKDWQDWXUDOJDSLQWKHMRLQWVFRXOGQRWVROHO\OHDGWRDQLQFUHDVHGWUDYHOVSHHGDQGDOVRWKH
IDFW WKDW VDQGEODVWLQJRQ WKH VXUIDFHVKDGRQO\DPLQRUHIIHFWRQ LQFUHDVLQJ WUDYHO VSHHGRQHFDQDUJXH WKDW WKH





LQDJURRYH ORFDWHGEHWZHHQWZRSHDNV WKH ORFDOVXUIDFHLV UDWKHUIODWFRPSDUHG WRDPPDUHDRQ WKH ODVHUFXW
VXUIDFH LQ )LJXUH  E ZKHUH WKH YDULDWLRQ RI VXUIDFH KHLJKW LV PRUH YLROHQW 7KLV FRXOG KDYH PRGXODWHG WKH
LQFLGHQFH RI ODVHU EHDP DQGPDWHULDO HVSHFLDOO\ DW WKH GHHSHU SDUWV RI WKHZHOGZKHUH WKH ODVHU GRPLQDWHG DUHD
GHWHUPLQHVWKHZHOGSHQHWUDWLRQ
&RQFOXVLRQ
$QXPEHURIK\EULG ODVHUZHOGLQJH[SHULPHQWVZHUHFDUULHGRXWRQPPVWHHOSODWHV DFFRUGLQJ WR LQGXVWULDO
SURFHGXUHV7KHHIIHFWRIGLIIHUHQWMRLQWSUHSDUDWLRQPHWKRGVZDVVWXGLHGLQFOXGLQJYDULRXVHGJHVXUIDFHURXJKQHVV
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x ,QFUHDVH LQ WKHDYHUDJHVXUIDFH URXJKQHVVZLWKLQ WKH UDQJHRI WRȝPFDQQRW VROHO\ LQFUHDVH WKHK\EULG
ODVHUZHOGLQJHIILFLHQF\ ,Q IDFW DW WKHKLJKHU URXJKQHVVYDOXHV LW VHHPV WKDW WKHHIIHFWRI VXUIDFH URXJKQHVV









7KLV VWXG\ ZDV VXSSRUWHG LQ SDUW E\ WKH 'DQLVK 1DWLRQDO $GYDQFHG 7HFKQRORJ\ )RXQGDWLRQ SURMHFW Cost-
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